Abstract MicroRNA (miRNA) function has been studied extensively in the last two decades. These short, non-coding RNAs influence a variety of cellular processes through repression of target genes. With the number of genes that a single miRNA can target, the biological effects of one miRNA alone can be vast. In cancer, aberrant miRNA expression is ubiquitous and consequently it can provoke progression of the disease. Though much is known about the downstream effects of miRNA, the mechanisms that control the level of miRNA expression itself are not well documented. In this review, we will focus on how miRNAs are regulated as well as potential therapeutic targets that can be exploited for cancer therapy.
Introduction
Hundreds of miRNAs have been extensively studied since the premier of Lin4 in 1993 [1] . Lin4 was found to regulate several genes associated with development in C. elegans and, soon after, the field exploded with studies describing the ability of miRNA to downregulate a variety of genes in several diseases. After nearly 20 years of research, miRNAs are thought to regulate over 50 % of the human genome and their role in cancer progression is of considerable interest [2] [3] [4] . Numerous review articles have nicely summarized miRNA downstream signaling pathways and many miRNA gene targets have been validated mechanistically. Less studied, however, are the modes of miRNA regulation and how these regulatory mechanisms are disrupted in cancer, which will be the focal point of this review.
Transcriptional Regulation of miRNA
The regulation of primary miRNA transcripts is one of the most important aspects of miRNA regulation and is controlled by polymerase. The first investigation in this area (2002) suggested that polymerase III (Pol III) may be able to terminate miRNA transcription due to the length of miRNA transcripts and the number of uracil repeats [5] . In 2004, polymerase II (Pol II) was shown to transcribe miRNAs as well [6] . To distinguish polymerase II promoters from polymerase III promoters, Zhou's group employed a bioinformatics-based tool that predicted miR-NA promoter regions and the polymerase that transcribed it. The accuracy of their system was validated by its sensitivity and specificity to detect known Pol II and Pol III promoters across the genome [7] . Other promoter-predicting computational methods began to reveal that Pol III had the ability to transcribe miRNAs between Alu repeats. Finally, Borchert's group found Alu repeats upstream of predicted miRNA promoter regions and showed that 52 human miRNAs are wedged between Alu repeats. They suggested that miRNA transcription may be controlled by transcription factors during cell stress, similar to Pol IIImediated transcription [8] . Currently, it is thought that miRNAs on the same strand as their host gene (intragenic) are transcribed predominantly by Pol II, while miRNAs between clusters of genes (intergenic) are transcribed either by their own Pol II promoter or from Pol III [9] . Often, the same polycistronic transcript is shared between clusters of 2-19 hairpins that encode miRNAs [10] . Nearly 50 % of miRNAs are believed to originate from non-protein-coding RNA transcripts, and around 40 % are located in intronic regions of genes that code proteins [11, 12] . It is known that abnormal miRNA alteration is a ubiquitous feature in human cancer, as greater than 50 % of miRNA genes are found in either fragile sites or in cancer-associated genomic regions, indicating that many are involved in the initiation or progression of cancer [13] . Though much is known about the transcription of miRNA, the mechanisms underlying global deregulation of miRNA in human cancers remain obscure.
Systems biology and genomics-based approaches, especially in the context of studying human cancers, are increasingly utilized to determine information about miR-NA promoters in addition to their target genes. These approaches are powerful in elucidating the mechanisms of miRNA regulation. Marson et al. [14] found computationally that Nanog, Sox2, Pou5f1 and Tcf3 along with other embryonic stem cell transcription factors regulate *20 % of annotated mammalian miRNAs. However, we must keep in mind that not all predicted promoter regions or transcription factor binding sites have been validated. Nevertheless, there is a growing body of literature confirming that various RNA-binding proteins, such as transcription factors and hormones, play a role in directly regulating miRNA transcription. In prostate cancer, for example, miR-21 stands out as one of the most studied miRNAs. Unlike most other miRNAs, the gene locus and promoter region of miR-21 were identified and extensive studies have shown that various factors control miR-21 expression by binding to the putative promoter. Ras, ERK1/2 and EGFR induce miR-21 whereas NF1, C/EBP, and Gfi1 suppress its expression in prostate cancer [15] [16] [17] [18] [19] .
In hormone responsive cancers, estrogen and androgen receptors have the ability to transcriptionally regulate miRNAs. Ribas et al. identified 16 androgen-induced miRNAs from a microarray screen in two prostate cancer cell lines. The same study found that androgen-induced AR bound directly to a highly conserved androgen response element on the promoter of miR-21 [20] . miR-125b was also found to be androgen responsive when comparing androgen-independent to androgen-dependent cell lines [21] . Ambs et al. [22] found the miR-181b-1, miR-181c, miR-221 clusters along with miR-338 and miR-126 contain AR binding elements in regions flanking their promoter; however, the only miRNA induced by androgen in LNCap cells was miR-338. As for estrogen receptor regulation, a study by Ferraro et al. [23] used ChIP-Seq to validate six miRNAs modulated by ERa. Furthermore, ERb binds two sites proximal to the miR-30a gene to inhibit synthesis of the primary transcript [24 • ]. In addition to hormoneresponsive elements, many other common transcription factors modulate miRNA.
Perhaps it is unsurprising that the DNA binding elements that regulate miRNA transcription are considerably equivalent to those that control protein-coding genes. For instance, c-Myc is thought to regulate 10-15 % of proteincoding genes and has been found to control the expression of a number of miRNAs [25, 26] . The miR-17-92 cluster was the first set of miRNAs reported as having oncogenic potential due to transcriptional activation by c-Myc. O'Donnell et al. show that c-Myc is capable of binding to an E-box in the first intron of miR-17-92 cluster's host gene. Not long after, c-Myc was reported to influence metabolism, cell cycle, angiogenesis, metastasis and apoptosis through direct transcriptional regulation of more than ten miRNAs and that number is still rising [27 • ]. Moreover, Ju et al. found that more that 46 % of 326 miRNA promoter regions identified from miRbase contained potential p53-binding sites and may be regulated by the protein [28] . For example, p53 directly modulates miRNA-34 expression through a binding site on miRNA-34's host gene [29] . Upon miR-34 inactivation, p53-dependent apoptosis was effectively inhibited, suggesting that miR-34 acts as a tumor suppressor. Given that p53 is the most frequently mutated gene in human cancer, it is not surprising that miRNA deregulation is also a common occurrence. These results are consistent with numerous studies that find decreased miR-34 expression in tumors [30] . It is apparent from the studies described above that transcription factors have the ability to activate or suppress miRNA expression allowing miRNAs to play either oncogenic or tumor suppressive roles in cancer.
Cell type specific transcription factors also play a role in miRNA transcription (Fig. 1) ; miR-223 is one example, activated by myeloid transcription factors C/EBP and PU.1, and highly expressed in myeloid cells [31] . The miRNA-181 family is another example. All four family members were found to be directly induced by the Wnt/bcatenin signaling pathway in hepatocellular carcinoma [32] . During development, the synchronized expression of tissue-specific miRNAs and mRNAs leads to proper cell differentiation. In cancer, aberrant miRNA expression may change cell fate and lead to progression of the disease.
Though several transcription factors bind to and regulate miRNA transcripts, many miRNAs themselves participate in self-regulating feedback loops by targeting the transcription factors or other proteins that modulate their expression. E2F and c-Myc, for example, induce the expression of the miR-17-92 cluster while the cluster itself works to inhibit both E2F and c-Myc, forming a negative feedback loop [33] . It is through this loop that miR-17-92 operates as both a tumor suppressor and oncogene in cancer. Another, more complex, inflammatory feedback loop involves HNF4a, miR-124, IL6R, STAT3, miR-24 and miR-629, in the control of liver cancer [34 • ]. Also in hepatocellular carcinoma, miR-21 promotes invasion and migration through a feedback loop involving programmed cell death 4 (PDCD4) and activating protein 1 (AP-1) [35] . Evidence of a feedback loop between LKB1, a serine/ threonine-protein kinase, and miR-451 plays a role in cell metabolism, apoptosis, and DNA damage response in glioma cells [36] . Understanding the intricate networks between transcription factors and miRNAs is critical to advance our knowledge of cancer development and improve clinical strategies to stop cancer progression.
Post-transcriptional Regulation of miRNA
In addition to the transcriptional regulation of miRNA, there are numerous opportunities for miRNAs to be regulated post-transcriptionally (Fig. 1) . The biogenesis of miRNAs has been studied in detail and is thoroughly described in other articles [37, 38] . In brief, after transcription, the primary transcript of miRNA (pri-miRNA, *3,000 nucleotides) is recognized by the Drosha complex and cropped into a shorter precursor (pre-miRNA, 60-100 nucleotide stem-loop). Exportin 5 binds to the precursor and translocates it into the cytoplasm where the Dicer complex cleaves the pre-miRNA into a driver and passenger (miRNA:miRNA*) strand complex (20-22 nucleotides). Typically the RNA-induced silencing complex (RISC) will bind only to the stable driver (guide) strand and recruit Ago2 protein. This final step allows the seed sequence of the miRNA (typically 6-8 nucleotides in length) to interact with its target 3 0 UTR on mRNA. If the binding complementarity is complete between the miRNA and mRNA, Ago2 protein is thought to cause degradation of the mRNA. However, if the binding sites between the miRNA and mRNA are not completely complementary, translation is prevented but the mRNA remains intact.
Post-transcriptional regulation of miRNA can occur at each step during the biogenesis and processing of miRNAs. In cancer, expression of the mature form of miRNA often deviates from the expression of its transcript. Thomson et al. analyzed 68 tumors versus 21 normal samples with both miRNA and mRNA expression data and found no correlation between the pri-miRNA and mature expression in the tumor samples, though there was significant correlation in normal tissue. Decreased mature expression compared to pri-miRNA suggests that alterations occur in processing steps rather than during transcription [39] . A study in 111 invasive epithelial ovarian cancer patients revealed that 60 % of patients had decreased Dicer expression and 51 % of patients had decreased Drosha levels. Patients with high levels of both Dicer and Drosha were associated with [11 years increased median survival [40] . In addition, global repression of miRNA processing by knockdown of Drosha, Dicer, or DGCR8 (which encodes a cofactor of Drosha) in lung adenocarcinoma cells leads to more aggressive tumors. A conditional deletion of Dicer1 alone enhanced tumorigenesis in the same cells [41] . The same group went on to compare hemizygous versus homozygous knockdown of Dicer and found that one copy was enough to increase the tumor burden whereas loss of both copies inhibited tumorigenesis. This suggests that Dicer functions as a haploinsufficient tumor suppressor and other miRNA processing factors may work similarly [42] expression in tumor tissue of prostate cancer patients compared to nontumor tissue. Dicer was also found to be increased in a prostate adenocarcinoma and a Burkitt lymphoma-derived cell line [44, 45] . It is possible that miRNA processing factors play varied roles in cancer dependent on miRNA abundance in the tumor tissue and varying degrees of cellular context. If less miRNA expression in a particular tumor leads to progressive disease then less Dicer is warranted, while the opposite might be true for tumors with an overabundance of miRNA.
Both Dicer and Drosha have been shown to be associated with other cellular proteins that modulate their function in a way that is necessary for the correct orientation and cleavage of mature miRNA. DGCR8, for example, is thought to direct Drosha cleavage by recognizing the region between the single-stranded RNA arms of the primary transcript and the stem-loop. Since cleavage by Dicer occurs at a specific distance from the initial Drosha cleavage site, Drosha effectively determines both the 3 0 and 5 0 ends of the mature miRNA sequence [46] . Improper cleavage may result in a seed sequence unable to bind targets or in instability of the driver strand making it unrecognizable by the RISC complex. One study used mass spectrometry and found that Drosha interacted with at least 20 different proteins [47] . Two of those proteins, p68 and p70, form a complex that interacts with both Drosha and the precursor sequence to regulate miRNA, but their precise role is not yet clarified [48] . It is thought that many of the proteins in the Drosha complex speed up RNA cleavage activity, enhance recruitment of Drosha, or act as a scaffold to assist with processing.
TAR RNA binding protein (TRBP) and protein kinase R-activating protein (PACT) are the two most studied proteins that interact with Dicer and help to enhance both stability and processing activity along with RISC assembly [49, 50] . Any disruption in the normal activity of these processing assistants may result in slower cleavage of miRNAs or halt the biogenesis of some miRNAs altogether. One study in colorectal neoplasia showed that miR-143 and miR-145 exhibited decreased expression in tumors compared to normal tissue. However, the precursor levels of both miRNAs were equal in tumor and non-tumor tissue, suggesting that abnormal Dicer processing might be the culprit [51] .
Though many miRNAs are expressed only in specific tissues, a recent study found that the precursor form might be ubiquitous. For instance, pre-miR-138 is ubiquitously expressed in all tissues; however, the mature form is only found in the fetal liver and adult mouse brain [52] . The precursor, but not the mature, form was also found in the cytoplasm, suggesting functional nuclear export but no Dicer cleavage. Interestingly, other mature miRNAs are found in the cytoplasm as well, suggesting Dicer's ability to cleave some, but not all, miRNAs. The cause of obstruction between the interaction of Dicer and miR-138, however, remains unknown. A similar situation occurs for let-7 family members and Dicer, but in this case Lin28 mediates the interaction [53, 54] . Lin28 not only has the ability to compete with Dicer for Let-7 binding, it promotes 3 0 -polyuridylation of pre-let-7 causing its degradation [55, 56, 57 • ]. Notably, 15 additional miRNAs contain the same motif that allows Lin28 to bind and they also experience uridylation. The examples above indicate that Dicer cleavage may work with co-factors to specifically interact with particular miRNAs. The expression of these co-factors and the Dicer method of cleavage may be obstructed in cancer due to variation of the cell microenvironment.
Argonaut (Ago) proteins play a key role during miRNA biogenesis, as they coordinate with the RISC complex to direct mature miRNAs to their targets. These proteins also represent important regulators of miRNA that are affected by cellular context. One study found that ectopic expression of the protein boosted mature miRNA expression dramatically while silencing Ago2 expression resulted in reduced levels of mature miRNAs [58] . Another study found that Lin-41 can bind Ago2 directly to cause ubiquitination and degradation of the protein. Since Lin-41 is normally expressed in stem cells and undifferentiated cell types, it is reasonable to consider that Ago2 may play a role in maintaining a differentiated cell phenotype [59] . Lin-41 is one example of a factor that modulates key processingassistant proteins during miRNA biogenesis, but other factors also influence the biogenesis pathway.
Numerous RNA-binding proteins (RBPs) are also capable of interacting with miRNA to modify their expression. A recent study analyzed RBP and transcription factor binding to precursor miRNAs and found the 3 0 end of the 5 0 arm to be enriched for the binding of both [60] . A study by Guil et al. showed that hnRNP A1, a ribonucleoprotein, bound to the stem-loop of miR-18a to assist in context-dependent processing. The investigators suggest hnRNP A1 may bind the stem-loop to recruit Drosha or DGCR8 or to prevent other factors from inhibiting further miRNA processing [61] .
Extracellular stimuli may affect miRNA expression. One study found that SMAD signaling, through transforming growth factor-b (TGF-b) and bone morphogenic protein (BMP) stimulation, promotes the Drosha-mediated maturation process of miR-21 by binding to the stem-loop region of the precursor [62] . In addition, extracellular growth factor (EGF) expression was capable of increasing Ago2 expression in breast cancer cells [63] . Furthermore, during DNA damage, p53 interacts with Drosha processing to upregulate the expression of miRNAs that suppress growth such as miR-143 and miR-145 [64] . These examples represent only a few of the many miRNA binding proteins that influence the localization, processing, or stability of miRNA expression (Fig. 1) .
RNA Organization and Single Nucleotide Polymorphisms
Another major influence in the regulation of miRNAs is the RNA structure itself. At each step in the biogenesis process, the structure of RNA changes and may affect how the RNA interacts with itself, other ligands and, perhaps most importantly, RNA-binding proteins (RBPs). For instance, importin 8 (Imp 8), a protein that interacts with the Ago protein complex, is thought to modify the structure of the complex and allow for efficient mRNA targeting [65] .
The biological state of a cell may provoke structural changes to RNA as well. One prominent example is Pumilio-1 (PUM1), an RNA-binding protein that interacts with the 3 0 UTR of p27, a cyclin-dependent kinase. Upon growth factor stimulation, PUM1 is upregulated and binds to the 3 0 UTR of p27 instigating a conformational change to the RNA secondary structure that creates an accessible target site for miR-221 and miR-222 [66 • ]. miR-221 and miR-222 in turn regulate cell cycle progression by repressing p27. However, without proper regulation, p27 can accumulate in the cytoplasm, leading to increased cellular motility and tumor metastasis [67] .
The level of mature miRNAs in the cytoplasm may remain high, such as the case with miR-221 and miR-222 in quiescent cells, but have no consequence due to steric hindrance of their target site. From this study, it is reasonable to imagine that other secondary mRNA structure modifications may alter the accessibility, or even prevent the binding of, miRNA, the RISC complex, and Argonaut proteins to their target 3 0 UTR site. Aberrant gene, and consequently protein, expression follows leaving the cell susceptible to disease states such as cancer.
Single nucleotide polymorphisms (SNPs) also modify mRNA structure and alter the binding site for several RBPs and miRNAs. In fact, a single nucleotide change in the 3 0 UTR of mRNA can either disrupt the ability of a miRNA to bind its target or generate a new target site altogether [68 • ]. Likewise, a single nucleotide modification in the seed region of miRNA, the section of the miRNA about 7 nucleotides long that targets mRNA, may significantly change the targeting profile or inhibit targeting capabilities of the miRNA completely. Both situations result in altered gene expression associated with cancer. For example, Landi et al. [69] found that variant alleles of CD86 are significantly associated with increased risk of CRC. Another study confirmed that twelve unique SNPs in miRNA binding sites have an abnormal allele frequency in cancer [70] . In addition, a genome-wide SNP identification study found 48 SNPs occur in the seed regions of miRNA and greatly influence the number of putative targets [71 • ]. This group went on to experimentally validate eight SNPs in various miRNA seed regions and found that five were consistent with their target-binding predictions.
Above are two examples of SNP locations that have an effect in regulating miRNAs. However, there are a myriad of other possibilities. SNPs in the precursor sequence may prevent accessory proteins from binding and slow the processing rate of miRNAs; a SNP in the a miRNA promoter may impede transcription by preventing Pol II, Pol III or transcription factors from binding; or a SNP in a mature miRNA may affect its stability and cause the passenger strand to be mistaken as the driver by the RISC complex. Interestingly, some SNPs may even confer a protective effect. One SNP, rs895819, is located in the terminal loop of miR-27a and is thought to decrease the size of the loop and reduce mature miRNA production by either limiting the binding of Drosha or increasing the binding affinity of a Drosha inhibitor such as Lin28 [72] [73] [74] . This SNP in miR-27a's terminal loop is actually associated with a reduced risk of breast cancer and may present miRNA terminal loops as a new target for therapeutic intervention. For more information on the role of SNPs in miRNA regulation, please refer to a comprehensive review written by Ryan et al. [68 • ].
Similar to the databases used to find the location of miRNA promoters and obtain information about miRNA target genes, there are web-based resources to estimate both RNA structure conformations and the location of SNPs. Although there are algorithms that can predict RNA structure from the primary sequence, they are unable to determine the various conformational changes that may occur upon interaction with other RNAs or RBPs and do not take into account secondary structures that RNA may form in solution [75 • ]. SNPs however are more easily predicted using programs such as Patrocles and PolymiRTS in conjunction with dbSNP, but their functional consequence must be validated experimentally.
Epigenetic Regulation of miRNA
Epigenetic alterations such as DNA methylation and other histone modifications manipulate miRNA expression in much the same way as they control gene expression [76] . Both hyper-and hypo-methylation are frequent events in cancer and induce functional changes to gene expression resembling that of a genetic mutation. To date, there have been many studies investigating how epigenetic changes affect miRNA expression. Roman-Gomez et al. used chromatin immunoprecipitation (ChIP) in acute lymphoblastic leukemia (ALL)-derived cell lines to identify 13 miRNAs with high levels of repressive H3K9me2 marks in their CpG islands. The histone modifications correlated with CpG hypermethylation and low miRNA expression in each ALL cell line [77] . Methylation of the promoter region of miR-145 caused decreased expression in nearly 50 different cancer cell lines (five cancer types) and treatment of seven cells lines with 5-aza-2 0 -deoxycytidine, a DNA methyltransferase inhibitor, led to the re-expression of miR-145 [78 • ].
In 2009, Weber et al. [79] reported that CpG islands are associated with 155 out of 332 miRNA genes (47 %). Many of those miRNAs have been reported in multiple studies as silenced in a variety of cancer types [80 • ]. The miR-127 gene, in particular, is one of many embedded in a CpG island and was found to be significantly upregulated upon the combination treatment of T24 bladder cancer cells with a DNA methyltransferase inhibitor (DNMTi) and a histone deacetylase inhibitor (HDACi) [81] . The same study showed that 17 of the 313 human miRNAs analyzed were increased greater than threefold after treatment. Other miRNA genes surrounded by CpG islands are also have altered methylation patterns in cancer, such as miR-124a in colorectal cancer [82] and Let-7a-3 in lung cancer. Similar to miR-127, a combination treatment with HDAC and DNMT inhibitors led to the demethylation and transcription of the Let-7a-3 gene in A549 cells [83] . However, the Let-7a-3 gene is better left methylated, as increased expression promotes human lung carcinogenesis. Indeed, the methylation of miRNA greatly affects the expression of many target genes. In the above examples, miR-127 targets BCL6, a proto-oncogene that upregulates p53 expression; miR-124 targets CDK6 which triggers the inactivation of tumor suppressor Rb; and finally Let-7a-3 has nearly 200 targets, many with roles in tumorigenesis.
In addition to associations between methylated CpG islands and decreased miRNA expression, one study has shown that the AML1/ETO fusion protein in leukemia recruits DNMTs, MeCp2, and HDAC1 to an AML1 site on the promoter of miR-223 [84] . As mentioned above, miR-223 expression leads to proper myeloid cell differentiation. Once the fusion protein binds to the promoter, miR-223 gene expression is silenced and halts cell differentiation. Studies such as those described above, convey the importance of using DNMT and HDAC inhibitors to encourage re-expression of miRNAs in cancers where they are markedly downregulated. In the future, it will be interesting to witness reactivated miRNA expression by means of even more specific modes of therapy.
Conclusion
The current estimate indicates that the human miRNA family comprises 1,733 mature miRNAs derived from 1,424 precusors, each of which is capable of targeting hundreds of protein-coding genes [85] . From this review it is apparent that there are many avenues by which miRNAs can be regulated, and that abnormal regulation results in cancer development (Fig. 1) . Cancer arises as a consequence of an imbalance in cellular homeostasis and compelling evidence indicates that aberrant alterations of miRNA signaling pathways are a ubiquitous feature in human cancers. The elaborate networks between miRNA regulation and downstream signaling pathways are perfect examples of how a cell develops intricate processes to maintain homeostasis. Understanding this process is critical for our ability to define effective targets for cancer management and to improve outcome. As described above, there is a great deal of exciting research being accomplished in this field; however, it should also be clear that this is the tip of a very large iceberg. The efforts to date have opened the door to many additional questions and a considerable amount of carefully validated research lies ahead. For example, it is now known that the same miRNA has the ability to act as either a tumor suppressor or an oncogene depending on its cellular context and microenvironment. But how exactly does that cellular context affect the miRNA? Are there changes at the transcriptional level or are miRNAs influenced predominantly during processing? Further, the manner in which miRNAs are regulated directly affects their mRNA targets, which may lead to aberrant protein expression and disease states. Deciphering how miRNAs are regulated is crucial to understand their role both physiologically and in cancer. It is only through this additional knowledge that we will be able to develop targeted therapeutics that extend the survival of those suffering from the ''emperor of all maladies''. 
